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INTRODUCTION 
The electric  mobility  of  an ion  in  an aqueous salt  solution  decreases 
with increase  in salt  concentration,  and in  the  same way, the electric 
mobility of particles  of any size,--whether a protein, a particle  of 
colloidal  gold,  an  oil  droplet,  or  a  blood  cell,--also  decreases  if  sufficient 
salt  is  added.  Particles  like  protein molecules which seem to ionize 
by means of some special  mechanism  can be treated from a rather 
simple point of view when compared with the treatment of surfaces 
acquiring an electric  charge by adsorption processes. 
In this  communication  a theory is presented which, although in- 
complete, satisfactorily  accounts for the depressing effect  of certain 
uni-univalent electrolytes  on the electric  mobility of proteins. 
Theoretical 
Dependence  of Electric  Mobility  in General  upon  a  and  K.--In  con- 
nection with the effect of salts on the electric mobility vm of particles 
large when  compared with  ions,  it  should  be recalled  (see especially 
Mueller (1)) that if the dielectric constant of the medium D, the radius 
of the particle, r, and n,  the viscosity of the medium, are considered 
constant#  vm  can  vary with  either  the  surface  charge  density, a, or 
* This  work  was  aided  by  a  grant  to  this  Department  by  the  Chemical 
Foundation. 
1  The somewhat questionable procedure of using  for values of D  that of the 
pure solvent is supported by two important series of experiments: (1) The sub- 
stitution of the dielectric constant of the pure solvent has been successful in the 
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with the reciprocal of the effective thickness  of  the  double layer,  ~, 
or with both.  That  is,  in general,  with the possibility that either a 
or K remain constant, 
~'.~  =  ~,~  (s  ,0  (1) 
Inert Surfaces.--Surfaces other than protein, like quartz,  glass, cel- 
lulose,  and  paraffin  oil, have  electric  mobilities  which  depend  (in a 
rather  complicated way)  upon the  concentration,  c,  of salts  not  re- 
versing the sign of charge:  the v,~-c curves pass through a  maximum 
(2),  the height of which is frequently pronounced and is dependent 
upon the nature of the salt3  Abraxason and Mueller (3) have  shown 
case of experiments testing the Debye theory of electrolytes.  (2)  In the treat- 
ment of the problem by Mrs. Daniel use of the dielectric constant of the solvent 
(J. Gen. Physiol., 1933,  16,  457)  has predicted  correctly changes in charge from 
protein mobility when D was lowered.  See also Wyman, J., J. Bid. Chem., 1931, 
90, 443,  and Weber, R., Z. phys. Chem., 1931, 70, 711. 
That a maximum in the ~--c curve is always observed where ion adsorption ap- 
pears to be the mechanism of charge is not surprising in view of the relationships 
between ~-, it, and c, as in equations (2),  and (2a)  (Stern; Gyemant).  It is rather 
surprising, however, to find that quite large specific ionic effects are exhibited by 
salts like  the alkali halides having a  common negative ion,  ~" decreasing, Li  > 
Na >K >Rb > Cs on cellulose and on glass; for salts with varying negative ions the 
order I >Br >C1 is observed.  While it is true that the order in both cases is in 
the order of changing ionic electric mobility, the  differences  between  the  ionic 
mobilities are not sufficiently great to warrant the viewpoint that some mechanism 
connected primarily with  the mobility of the ions is concerned.  It seems more 
likely that in very dilute solutions where the maxima of the t-c curves are observed, 
~" could be built up by two processes of equal magnitude; (1) ionic adsorption, (2) 
polarization of the adherent molecules of water at the surface.  Water molecules, 
consisting of dipoles as they do, should be attracted and oriented by the fields  of 
the surrounding ions.  As a quantitative measure of the effect of ions on the water 
dipoles, it is convenient to adopt the viewpoint that the heat of hydration of the 
gas ions is connected with the variation in ~" at the maxima.  Thus the ratio of the 
heats of hydration of the gas ions, (Li+lS0), (Na+llT), (K+97),  (Rb+92),  (Cs+86), 
and (C1-63),  (Br-52),  (I-41), give a  plausible picture as  follows.  The  positive 
ions should produce over a  time average a greater increase in the orientation of 
negative  charges and  the  surface so  that  ~ should,  other things being relatively 
equal,  decrease 
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that the a-c curves (calculated from available data by means of the 
Debye theory) practically always follow a  relatively simple  course, 
for all salts not producing charge reversal; in each instance the curve 
resembled typical adsorption curves of the simple form described by 
Langmuir, with o reaching a limiting value at about c  =  0.01  molar. 
Mooney (4) had previously published somewhat similar curves.  The 
v~-c curve follows a complex course because both ~ and ~ are changing, 
the maximum resulting from changes in both as predicted by Stem. 
Proleins.--Dissolved proteins and protein surfaces in different con- 
centrations  of  uni-univalent  salt  solutions,  like  gelatin  and  egg 
albumin, represent a second group which differs in behavior in several 
important ways from the "inert" surfaces just discussed.  The charge 
in the absence of salts seems to depend mainly upon the pH,  for at 
any given pH a certain number of hydrogen ions over a time average 
are attached to the protein  molecule.  In the special case under dis- 
cussion, of a  uni-univalent salt not shifting the isoelectric point,  we 
can first for simplicity consider vm to depend only upon K, if the pH is 
fixed.  The significance of this result is  evident  when  we  consider 
the  Debye-Henry  (5)  approximation,  for  the  potential,  ~,  at  the 
surface, 
where 
and 
Q  :2)  1"  =  or(,r  +  1)' 
....  (2a) 
6  ~r DX'  (for Kr b  30 within experimental 
error), 
Q  --  4  ~r r2 a. 
and for the negative ions, the negative charges of the water dipoles now being 
repelled, 1 - repelling less than Br- and C1- so that for ~- the order 
I- >  Br- >  C1- 
is obtained. 
(Fajans, K., Verhandl.  deutsch.  Phys.  Ges.,  1919,  21,  549,  709,  714.  Haber, F., 
Verhandl.  deutsch,  phys.  Ges.,  1919, 9.1, 750.  Taylor, H. S., Physical chemistry, 
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and  consequently vm, which is proportional  to  ~',  will depend only 
upon K if all other terms are considered constant.  Equation  (1) now 
takes the form 
Vm  =  Vm (K)ap  H = constant  (3) 
By assuming that o remains constant we do not by any means  imply 
that  no change in  a  occurs  incidental  to changes in K.  It is merely 
postulated that the change in vm with a due to K varying is very small 
compared with the change in v~, due to explicit variation of K.  Addi- 
tion of salt, under these conditions, then,  should,  from equations  (2) 
and  (2a),  cause only a  diminution  in v~ without  a  maximum  in  the 
curve .3 
In Paper VI of this series (6) we have published an empirical equa- 
tion  in  the  form of equation  (1), 
0  (4) 
Dr(~r +  2.4)' 
or 
Q  (4a) 
-  (Dr) f(~r) 
Using  equation  (4a)  we  have  plotted  in  Fig.  1,  by evaluating f(Kr) 
for r  =  4  X  10 .7 cm. and various values of vm for gelatin  (see Fig. 3), 
the  theoretical  form  of  the  v~-c  curves.  Note  the  following points 
of interest in these curves: 
1.  The curves should in reality not cut the ordinate  at c  =  0,  for 
in order to fix Q, a certain amount of acid must be present even though 
3 This approach differs somewhat  from  that  of  SCrensen,  LinderstrCm-Lang, 
and Lund who have investigated the alteration of shape and direction of the ioniza- 
tion curves (not the electric mobilities) of ampholytes capable of reacting only with 
hydrogen ions.  They find that the salt effect in accordance with their theory and 
in qualitative agreement with experiment, consists "in a  turning of the ionization 
curves, indicating the relation between the quantity of combined acid  (specific 
hydrogen ionization) and pall, and  the turning of the curves which leaves the 
isoelectric reaction unaltered, tends in such a  direction that the quantity of com- 
bined acid at constant pall increases with  increasing salt concentration."  On 
the other hand they find that  the pH at which  the quantity of acid  (base)  com- 
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the concentration of protein and of salt is vanishingly small.  In other 
words v~ is always accompanied by a  finite value of K which is given 
for  strong  acids  by the  concentration,  not  the  mean  activity of the 
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FIG. 1.  Theoretical ~-c curves for gelatin at different values of pH, based upon 
single values given in Fig. 2.  The two short vertical dotted lines at the lower left 
comer show  the limits of extrapolation when the pH is sufficiently  low  to have 
appreciable amounts of acid present. 
l  l  I 
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FIG. 2.  Data of Loeb on particles of denatured egg albumin in 0.0002 ~r NaOH. 
Loeb found no important difference in the effect of the alkali halides.  The smooth 
curve is calculated by means of the theory here proposed, based upon the highest 
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acid.  The  dotted lines  indicate,  for  example,  the  limiting  position 
of the ordinate for c  =  0.0025 M, and c  --  0.01 M. 
2.  In more concentrated salt solutions the validity of equation  (2) 
decreases; however, the curves indicate that vm is probably still quite 
large even in 4 M salt solutions.  Technical difficulties at present pre- 
vent measurements of vm in salts of this concentration;  but values of 
the proper magnitude  have been observed by Hitchcock (7)  in M/10 
acetate buffers for gelatin  and by the  author  for serum  proteins  (8) 
in solutions  where c  was equivalent  to M/7.  It  would be  most im- 
portant to devise methods designed to discover if the available form 
of the theory is confirmed in that vm >  0 in concentrated salt solutions. 
.  ~:}-  .  ~=Z'_~  ......  :_ ..... 
00 ~  t  p  q  Vm 
!  g.b  4.0  4.5  "6.0  ~ 
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FIG. 3.  The electric mobility of gelatin-coated quartz particles in acetate buffers. 
See text. 
Methods.--As  usual  the  Northrop-Kunitz  (9)  microelectrophoresis 
cell was employed for measurements of electric mobility.  Values of 
pH are referred to pH  =  1.07  for 1~/10 HC1. 
EXPERIMENTAL 
(a)  Heat-Denatured  Egg Albumin.--In  Fig. 2 the points are values 
of v~ given by Loeb (10) for denatured egg albumin particles in M/5000 
NaOH.  At this pH the electric mobility of the protein is rather high 
in the absence of salt and equal to about 2.8~ per second.  The smooth 
curve is the theoretical curve for the influence of salts calculated by 
means of equation (4), taking r  =  2.17  X  10 -7 cm.  (11), and making 
the necessary assumption in regard to y and D.  It is noteworthy that 
the course of the theoretical and experimental curves is almost iden- HAROLD  A.  ABRAMSON  599 
tical, the actual difference being at the limits of the experimental error. 
Of interest is the fact, reported by Loeb, that within the limits of error 
(about 10 per cent) there was no difference in the action of the chlorides 
of Li, Na, Rb, and Cs.  This is in accord with the simple theory, in 
contrast to the behavior of inert surfaces.  The charging processes of 
the latter seem to be unrelated to phenomena easily associated with 
stoichiometrical  reactions.  The  charging  process  in  the  simplest 
protein case considered in the foregoing should be determined only by 
the hydrogen ion activity.  This will probably be found to  be not 
true, in general, for some process tantamount to adsorption of ions of 
the salt may occur, the shape of the v.-c  remaining essentially the 
same but shifted because of the effect of salts on the isoelectric point. 
(b)  Gelatin.--Since,  as Hitchcock (7)  has  shown,  sodium  acetate 
buffers of different concentrations do not change the isoelectric point 
of inert particles covered with gelatin, it was considered desirable to 
report the effect of acetate buffers of different concentrations on the 
electric mobility of  quartz  particles  with  an  adsorbed gelatin  film. 
Coignet gelatin was used in order to compare our results with those 
of Prideaux and Howitt  (12)  on  gelatin-covered particles.  In Fig. 
3 are given our electric mobility data in ~/500 and ~/50 sodium ace- 
tate buffers.  4  Note that the shapes of the v,-pH curves are essentially 
unchanged on increasing c.  Todemonstrate this, Curve II has been 
plotted as 5/8 of each ordinate value of Curve I.  The mobility curve 
is, therefore, simply rotated about the isoelectric point by increasing 
the salt concentration.  The value of K changes from ~ =  0.15X  107 
in ~/500 salt to K =  0.47  X  107 in M/50 salt.  For reasons given in 
Paper VI, r is to be taken not as that of the quartz particles, but as 
that of the dissolved molecules.  To obtain a  value of an equivalent 
radius our empirical form of equation  (1)  has  been  solved for r,  Q 
being known from the titration curve of the gelatin  (13). 
To obtain some idea of the equivalent radius of gelatin it is necessary 
to proceed by a somewhat unsatisfactory course because gelatin solu- 
* Prideaux and Howitt investigated ~. for colloidal gold particles covered with an 
adsorbed gelatin film.  Using  the moving boundary method, they did not find the 
effect of salts as marked as that reported here.  However,  all of our data on quartz 
particles have agreed with other data obtained with the moving boundary method 
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tions are polydisperse.  At pH  =  4.0 in acetate buffers the average 
molecular weight of gelatin is about 35,000 with little change on aging. 
The adoption of this value will enable us to obtain a somewhat dubious 
value of an equivalent  radius  (assuming  a  spherical  molecule)  from 
equations  (3a) and  (4), 
Q  =  6  ~r n  rv,~  (~r  +  2.4). 
The substitution of values for Q, v,,, and n in this equation  (3)  yields 
r  =  4  N  10 -Tcm. 
We are now in a position to test on gelatin surfaces our assumption 
that  the  addition  of  salt produces  a  diminution  in vm because of a 
change in the double layer rather than a change in charge.  The data 
in Fig.  3 are for changes in ~ as previously mentioned.  Then if the 
increase in salt does not change Q appreciably, we have, from equations 
(2)  and  (3), 
v,~  (/r  +  2.4) 
v;,  (~r +  2.4)' 
or substituting,  we have  predicted  the  ratio  for  the data  in  Fig.  3, 
(~.ss +  2.4) 
-  1.4,  approximately. 
(0.6  +  2.4) 
This is in agreement with that ratio found,  1.6,  at the limits of error. 
Note  that  the  choice of  35,000  as  the  molecular  weight  does not 
sensibly change  the  general  result.  If  17,500  had  been  chosen  the 
ratio of the mobilities would have come out close to 1.3; if 70,000 had 
been chosen the ratio would have been closer to  1.6. 
This agreement,  in the case of unsatisfactory material like gelatin, 
further justifies the assumption  that  the  salt decreases the potential 
of this protein,  accounting for the change in v~ which is proportional 
to the  change in potential. 
(c)  Egg Albumin.--The  data  of Tiselius  and  of Abramson  for egg 
albumin given in Paper VI of this series are given in Curve I  of Fig. 
4 a.  These experiments were performed in ~/50 sodium acetate buf- 
fers  (K being held constant).  In  order  to  test  the  usefulness of our 
empirical  equation,  the  dotted  curve  (theoretical)  was  plotted  for 
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shift in the isoelectric point.  Experimentally, however, it was found 
that  under our conditions  the isoelectric point of the egg albumin in 
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FIG. 4a.  The effect of the concentration of acetate buffers on the  magnitude 
of v~ (egg albumin) and on the position of the isoelectric  point. 
FI6. 4b.  By correcting for the shift in the isoelectric point, the effect of dilut- 
ing the buffer on values of v~, is predicted. 
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FIG. 5.  The electric mobility of egg albumin in HC1 solutions treated as in 
Figs. 4 a and 4 b. 
acetate buffers was shifted about 0.2  pH to pH  =  4.8.  These data 
are plotted as open circles, the data running parallel to the theoretical 602  ELECTROKINETIC  PHENOMENA.  XI 
curve.  This complicates the problem somewhat, for it is necessary 
to introduce some correction for the shift in the isoelectric point due 
to the change in total salt.  Assume that the total number of anions 
and cations as well as their ratio and their charge may influence the 
dissociation of the protein.  On decreasing the salt concentration as we 
have done in the acetate buffer experiments on gelatin, the isoelectric 
point was not shifted.  The isoelectric point is shifted in the analogous 
experiment with egg albumin.  If we wish to visualize this effect by 
assuming that the dissociation of the protein depends upon the total 
salt, and that this effect is independent of the pH, it is reasonable to 
correct this shift in order to have comparable values of Q due to hydro- 
gen ions by shifting the vm-pH curve in M/1000 acetate solutions as a 
whole,  so that  the  isoelectric points coincide.  This has been  done 
and the result depicted in Fig. 4 b.  The open circles are the actual data 
corrected as just proposed.  This correction is merely the addition, to 
each value of v~ in ~/1000 acetate, of -0.37# per second, the differ- 
ence in  the  two  buffers at  pH  =  4.6.  This  correction results,  as 
demonstrated in the Fig. 4 b in the open circles falling on the theoretical 
curve within the limits of experimental error.  Fig. 5 depicts the data 
for adsorbed egg albumin in HC1.  The values of v~ have been treated 
as in the foregoing, with the theory confirmed. 
SUMMARY 
By assuming  that the electric  charge of proteins is primarily de- 
termined by the hydrogen ion activity of the medium, and by making 
corrections when necessary for the effect of salt, it is possible to derive 
a simple relationship between the electric mobility of proteins and the 
effective reciprocal thickness of the electric double  layer.  The  de- 
crease in electric mobility of proteins in solutions is readily predicted 
for gelatin in acetate buffers and for egg albumin in the presence of 
the alkali halides, of acetate buffers, and of hydrochloric acid on the 
basis of the assumptions made. 
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